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An experimental study of oscillatory now phenomena in 
diffusers at low Reynolds numbers has been carried out. Large 
' 
amplification of inlet velocity oscillations occured Within the 
diffuser core and. within the boundary layer when there was a 
long enough laminar boundary layer on the diffuser Wall, followed 
by transition and the reattachment of a turbulent boundary layer 
3 , 4 when the inlet now Reynolds number was varied from 10 to 10. 
1The maximum core amplification ratio was found at an axial 
location corresponding to the turbulent zone of the turbulent 
boundary layer. A reverse now region near the wall of the 
boundary layer and a radial now region in the middle of the 
boundary layer were found near the maximum amplification region. 
The phase shift between the reverse now region and the diffuser 
core now was about 180 degree. Large variation of the effective 
boundary layer displacement thickness due to flow reversal 
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1. .. INTRODUCTION 
1-1. SURVEV OF EXISTING PUBLICATIONS 
Oscillat~ry flows frequently occur in many fluids engineering 
·applications, thus making it desirable to predict the dynamic 
-
~haracteristics of flow fields with superimposed :flow oscillations. 
Studies of oscillatory pipe flow have been carried out by Strunk 
(1) and Brown, Margolis, and Shah(2). Only a limited number of 
studies has been made for the case of oscillatory fl.ow in short 
ducts with varying area. Powell{3) and Eisenberg and Kao(4) analy-
zed small oscillations in a duct with inviscid isentropic mean 
flow and varying area. Schlichting (5), chapter X.i , has summarized 
nonsteady boundary_ layers. Hill and Stenning ( 6 J carried out 
experimental measurements on laminar boundary layers with and 
without adverse pressure gradients which showed good agreement 
with theoretical predictions. Loehrke, Morkovin and Fejer(7) 
pointed out the effect of oscillations on the transition of a 
laminar boundary layer to a turbulent boundary layer. Karlsson 
[ 8) carried out experiments for two dimensional turbulent boundary -· _ 
layers with zero pressure gradient. Betchov and Criminah(9) 
showed analytically that wave amplification may occur in turbulent 
boundary layers with an inflexion in the mean velocity profile, 
but cannot occur in profiles without an inflexion. Reynolds and 
Hussain(10) studied decaying waves in a fully developed turbulent 
flow between flat plates. However, in the most recent paper, 
Stenning and Schachenmann ( 11) and ( 12 J present some results for 
. y 
, oscillatory f1.ow phenomena in diffusers at low Reynolds number. 
It was found that large amplification of th~ inlet velocity oscilla-
tions occurred within the diffuser core and within the boundary 
layers when the throat Reynolds number lies in the range 103 to 
104• It was explained that the amplification phenomena were caused 
by travelling waves in the wall boundary layer which were initiated 
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in the laminar portion of the boundary layer and propagated into 
the turbulent boundary layer to cause large variations in the 
displacement thickness. 
1-2. OBJECTIVES OF· THE THESIS 
Interesting phenomena of oscillatory flow in diffusers have 
been. found in the aforementioned investigations ( 11 J and ( 12 J . 
Not all of them could be explained. For example, no explanation 
could be found for the appearance of a thin layer near the wall 
oscillating with twice the excitation frequency in a boun(lary layer 
near transition. Because · there have been no investigations on 
the behavior of a turbulent boundary layer with superposed oscilla-
tions in an adverse pressure gradient, it was decided to carry out 
additional experimental measurements in the oscillatory turbulent 
boundary layer near the maximum amplification region. The expe-
rimental work has been extended to include different diffuser and 
inlet geometries to gain a better understanding of oscillatory 
fl.ow phenomena in diffusers at low Reynolds numbers. 
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2. STEADY FLOW MEASUREMF.NTS L 
A schematic of the experimental apparatus is shown in figure 
1. Dry air from the laboratory air st1pply flowed through a pressure 
regulator into a plenum containing a rotating plate valve which 
varied the flow area of orifices in the plenum. After passing 
through the·valve, the air flowed through a plenum containing 
screens and a honeycomb, It was accelerated in a nozzle and then 
passed into the conical diffuser which discharged the air into the 
laboratory. The valve generated velocity fluctuations at the 
diffuser inlet which were uniform across the cross section and 
nearly sinusoidal. The frequency could be varied from 1 to 10 cps. 
The air velocity entering the diffuser was axial, with no swirl 
' 
component. 
A number of different diffuse~ geometries could be used for 
the test section, but for the tests described in this thesis only-_.. 
the arrangement shown in figure 2 and figure 3 was studies. The 
throat diameter was 2,0'' and the contraction area ratio of the 
. I 
nozzle was 9 s 1. The conical diffuser with an included angle of 
10 degrees had an outlet diameter of 4, 1" and a length of 12", 
--· 
The inlet of the diffuser in figure 2 was connected to- a 611 straight 
tube, 
Velocity measurements were made with hot wire probes inser~ed 
longitudinally from the diffuser exit. The pboto-trigger equipment 
could be used in a fixed position to provide a reference signal 
while the ·· hot wire could be traversed both axially and radially • 
The hot wire system was a two-channel CGS Datametrics 4909-170 unit 
with linearized output. 
l Steady flow measurements were ma.de t~ establish the character-
istics of the bo~d~y layer and th~ centerline velocity throughout. 
the diffuser over\th~ Reynolds number range 103 to 104• These data 
are important for gaining an understanding of the phenomena in 
- 4 -
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·-in oscillatory flow. 
2-1. INLET BOUNDARY LA YER VELOCITY PROFILE AND DISPLACEMENT 
THICKNESS 
The Reynolds number ( Re ) is defined as .•-
Re• ~t.D 
)J 
Ut centerline velocity at diffuser throat 
D diffuser throat diameter 
)) · kinematic viscosity \ 
Boundary layer velocity profiles were measured at the diffuser 
throat for the diffuser with and without a 6" straight diffuser 
I inlet tube. A special boundary layer hot, wire probe was used. 
The nondimensionalized velocity profiles at the diffuser throat 
for different values of Reynolds ·number are plotted in figure 4. 
The dimensionless variables are u/uma.x and y/Umax/PD where Umax 
is the ~imum velocity at the edge of the boundary layer and U 
is velocity in the boundary layer. The dimensionless variables • 
in figure 4 are chosen by analogy with the Blasius similarity 
.. 
• .. 1 
variables for the boundary layer on the ,flat plate. U/Uma.x should 
. be independent of the Reynolds number in this coordinate system 
·--
if the boundary layer is laminar. A little ,,deviation may be caused 
by nozzle curvature(12). The shape of the inlet boundary layer 
velocity profiles is similar to the shape of laminar boundary layers 
in f~vorable pressure gradients shown in Schlichting (5), chapter 
.JI, figure 9-1. That is, the flow at the diffuser throat is highly 
accelerated. The effect of the 6" straight tube on the diffuser 
inlet boundary layer velocity profiles is quite clear ( see figure 
' 4 ), .--· 
The displacement thickness at: the throat of the diffuser with , 
; and without the 6•• straight tube is plotted versus the Reynolds 
. l 
l ,; l . . . . . . 
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number ( see figul'e .5 ). 'A·s expected, the inlet boundary layer displacement thickness of the diffuser with the 6" straight tube is thicker than that of the diffuser without the 611 straight tube at the same inlet Reynolds number. 
2-2. CENTERLINE VELOCITY DISTRIBUTION 
A hot wire probe mounted on a straight probe holder was used -, to measure the centerline velocity distribution in the diffuser with and without the 611 straight tube. The results are plotted in figure 6 and figure 7 for different Reynolds numbers. If Re is 3 x 103, the· centerline velocity distribution in the , diffuser·with the 6" straight tube decays very little. Because of the adverse pressure gradient in the diffuser, the laminar boundary_ layer i 9 growing rapidly and the displacement thickness is large and there is almost no diffusion along the diffuser core. In the ,·-·· diffuser without the 6" straight tube, there is some diffusion near the exit of the diffuser, The inlet boundary layer displacement thickness is thinner than that of the diffuser with the 6" straight tube a~ the same inlet Reynolds number, The laminar boundary 
..... ,,.,,__. 
layer grows rapidly. This growth is followed by separation and transition to a turbulent boundary layer near the exit of the diffuser, causing the centerline velocity to decrease, 4 
·If Re> 10 , the boundary layer ·is turbul~nt almost throughout the diffuser ( see figure 6 and figure 7 ), The turbulent boundary 
' layer can sustain a larger adverse pressure gradient and grows more slowly than the laminar boundary layer, causing the centerline"' 
_ velocity to decrease,_ Good diffusion along the diffuser core can thus be obtained, 
rr 3 x 101wo4, the ,laminar boundary layer separates and· .:, transition to a turbulent boundary layer occurs, followed by a reattachment of the turbulent boundary layer~ The centerline 
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velocity decreases gradually. The location of the reattachment point 
of the flow in the diffuser with and without a 611 straight tube is 
different, because the inlet boundary layer conditions are different 
at the same inlet Reynolds number. For example, at Re= 5 x103, 
the reattachment point of the diffuser with the 6" straight tube is 
near x = 6". The reattachment point of the diffuser without the 
611 straight tube is near x c .5". The thinner the inlet boundary 
,.,...,,., ..... "'"·'"'"• layer displacement thickness, the earlier the reattachment· point 
can be observed at the same inlet Reynolds number, 
2-3. TURBULENCE IN'l'ENSITY MUSUREMENTS 
Root mean square measu-r-P~ents of the velocity fl11ctttations , 
were taken in the boundary layer alone the dif~u~cr with and without 
the 6" straight tube at a location where the mean veloci ty,_is 3 fps · 
c·see figure 8 ). From figure· 6, ~.7, and 8, it is clear that the 
location of the reattachment point is almost at the same location 
'Where therms fluctuation percentage starts to grow rapidly. The 
axial location of the breakpoint of the centerline mean velocity ---
almost coincides with transi tio.n in the boundary· layer. 
2-4. SUM1'1ARY 
From time mean flow measurements without an applied oscillation.,. 
it has been found that the boundary layer velocity profile at the 
diffuser throat is laminar for the diffuser with and without the 6" straight tube. At low Reynolds number, separation occurs, 
followed by transl tion and reattachment o;f the turbulent bounqary 
I.ayer near the diffuser exit, When the i,nlet Reynolds number is 
increased from 103 to 104, the reat,tachment point moves from a 
point' near the diffuser exit to a point near the diffuser inlet. ·i 
J . ' 
; 
' 
As expected inlet boundary layer displacement thickness of the 
diffuser with the 611 tube is thicker than that of the diffuser 
' "" ! . 
' 
without the 6" tube at the same inlet Reynolds number. Lami.nar · 
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boundary layer transition in the diffuser without the 6" tube 
is earlier than that of the diffuser with the 6" tube at the~ 
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,_ 3 • · MreASUREMENTS IN OSCILLATORY FLOW 
Measurements ·of centerline velocity oscillations were made 
by travers1.ng the hot wire along the centerline of the diffuser 
core while using photo-trigger equipment placed off the sid.e of 
the valve ( see figure 1 ) to provide a reference square signal 
for phase calculation. Large amplification of the inlet velocity 
oscillation was found downstream of the diffuser throat over a 
range of frequency and Reynolds number, 
3-1. AMPLIFICATION FOR DIF'F*ERENT FREQUENCY AND REYNOLDS NUMBER 
The frequency parameter, Strauhal Number (St) is defined as 
St=~~--Ut 
Jt. frequency of oscillation in rad/sec at diffuser inlet 
L length of the diffuser 
Ut centerline velocity at the diffuser inlet 
A series of velocity traces in the diffuser without the 6" tube 
was obtained ( see figure 9) using the following methods 
For a given diffuser inlet Reynolds number, the hot wire was moved 
' downstream in the diffuser core and the frequency of the inlet 
oscillation changed until the maximum- amplitude amplification of 
the inlet velocity oscillation was shown on the oscilloscope. 
After the picture was taken for the maximum amplitude 9 the hot 
wire was moved to another arbitrary position in the diffuser core 
and then back to the diffuser throat in order to take a picture 
again. The method was repeated for a range of inlet Reynolds 
number. The ~esultant data are presente~ in table 1. 
• 
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Table 1. 10 ·degrees diffuser w1 thout the 6" straight tube 
Re 5.5xto3 3. 7xto3 3.1 ?xto3 2.ax103 2.27x10) 
.IL 35 26 24 '/ 22.6 17 ' . $t 6.7 7.5 8 ?.6 7,9 X 6.12" 7 .5" 8" '----· 8.5" 9" AR J.2 6.5 ? 6,7 4 
>../D 3.1 2.25 2.17 1.95 2.5 
According to table 1, the optimum amplification ratio ( the ratio 
of maximum velocity amplitude to inlet velocity amplitude), AR, is 7 at 8" downstream of the diffuser core when the inlet Reynolds 
number is 3.17 x 103 and the frequency is 24 rad/sec, Other 
optimum values are shown in table 1. The data of table 1 are plotted in figures 10, 11, 12, and 13. The maximum amplification 
ratio is 7 at 811 downstream of the diffuser throat when the inlet Reynolds number is J.17 x 103 and the frequency is 24 rad/sec. If the inlet Reynolds number is increased, the maximum amplifica-tion ratio is decreased and occurs close to the diffuser inlet 
.. ..._.._._. 
even for the optimum inlet frequency condition.. If the inlet Reynolds number is decreased, the ·maximum amplification ratio is decreased and occurs close to the diffuser exit even for the opti-mum inlet frequency condition ( see figure 11 ). The position of 
the maximum amplification ratio in the diffuser core is inversely proportional to the inlet Reynolds number for the optimum frequency 
at di:f.fuser throat ( see figure 11 ) o The Strauhal number required to obtain the maximum amplification ratio in the diffuser core is . 
almo.st constant for different inlet Reynolds number { see figure 12 ). 
The above experimental 
If inlet Reynolds number is 
. .• 
·.· .... '\ . 
' i 
results can be explained as follows a I 
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boundary layer displacement thickness is decreased ( see figure 
5 ). The centerline velocity decays more quickly and the axial 
distance over which the laminar boundary layer is maintained 
becomes shorter. Then transition to a turbulent boundary layer 
occurs. The amplification ratio is small and amplification occurs 
close to the diffuser throat. For lower values of Reynolds number 
( Re( 3.17 x 103 ), the inlet boundary layer displacement thickness 
is increased and the centerline velocity decays at an axial location 
near the exit of the diffuser, The laminar boundary layer extends 
.. 
over a long distance almost to the exit of the diffuser. Because 
the laminar boundary layer is long and transition occurs near the 
exit of the diffuser, reattachment of the turbulent boundary layer 
does not occurs in the diffuser wall boundary layer. The ampli-
fication ratio is small and the maximum amplification occurs close 
to the exit of the diffuser. From these two limiting cases, it is 
quite clear that a maximum amplification ratio can be found when 
there is a laminar boundary layer over a sufficient length of the 
diffuser wall, followed by transition to and reattachment of a ----
turbulent boundary layer •. The maximum amplification ratio is obtain-
ed in the reattachment zone of the turbulent boundary layer region. 
The same explanation applies to the diffuser with the 6" tube 
( see table 2, £igure 10 through 14 ), where the same trends as 
mentioned above are evident. 
·I -
Table 2. 10 degrees diffuser with the 611 straight tube 
Re 6 X 103 5 X 103 4.J X t<P 2,75 X 10.3 
.ll... 52 42 3 .5 · 23 • 2 
St 9 8.7 8.5 8.9 
X 6.9" 8" a. B" 9. 7'' 
AR 
¥n 
5.5 ?,5 6 • .5' 4.5 
3 G:"".::!--,M-""'1- 3.7 · 2.25_ ) 
- 11 - , I . . ' . 
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Figures 10, 11, and 12 give a comparison of the amplification 
phenomena 0£ the di~fuser with the 6" straight tube to the amplifi:. 
cation phenomena of the di.ffuse~ , .. r:lthout the 611 str::i1~ht tube. 
At the same inlet Reynolds nt!Mber ( .5 x 103 ) , the maximum ampli-
. fication ratio of th'3 dif'fuser with the 6" tube is 7.5 at 8" do1m-
stream of the diffuser throat with an inlet frequency of 42 rad/sec. The maximum amplification ratio of the diffuser without the 6" tube 
is 4 at 6 • .5" downstream of the diffuser throat with an inlet fre-
quency of 32 rad/sec. In the diffuser with the 611 tube a higher 
optimum amplification ratio has been found than in the diffuser 
without the 6" tube. This occurs because:the inlet boundary layer 
displacement thickness of the diffuser with the 6" tube is thicker 
than that of the diffuser wt thout the 61' tube at the same inlet 
Reynolds number ( 5 x 103 ) , The laminar boundary layer of the 
diffuser with- the 6" tube extends· over a long distance, followed 
by transition and reattachment of the turbulent boundary layer. 
. , The maximum amnlification ratio can be obtained in the reattach-.... 
ment zone of the turbulent boundary layer region ( x = 8" ) • 
The laminar boundary layer of the diffuser without the 6" tube is 
-
short and transition to a turbulent boundary layer occurs earlier. Very large amplifica~ion ratios cannot be'attained in the diffuser 
without the 6" tube when the inlet Reynolds number is 5 x 103. 
At the same inlet Reynolds number ( 3 x 103 ) , the maximum 
amplification ratio of the diffuser without the 6" tube is 7 at 8" downstream of the diffuser throat at an inlet frequency of .... ,, , .. '.,,_, . 
24 rad/sec, The maximum amplification ratio of the diffuser with 
the 6" tube is 4.5 at 1.0" downstream of the diffuser at an inlet 
freqttency of 25 rad/sec. In the diffuser without the 611 tube a 
higher optimum amplification ratio has been found than in the 
diffuser with 6•• tube. The inlet boundary layer displacement 
. ' 
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thickness of the diffuser with the 6" tube is thin enough to per.mit the laminar boundary layer to grow, followed by transition, and reattachment of a turbulent boundary layer along the d:i.ffuser wall. The inlet boundary layer displacement thickness of the diffuser ~i th the 6" tube is too thick for the laminar boundary layer to grow, and transition, and reattachment of the turbulent boundary layer occurs near the exit of the diffuser. A very large amplification ratio cannot be found in th~ diffuser with 6" tube 
·when the inlet Reynolds number is 3 x 103, The maximum amplifi-cation ratio of the diffuser with and without 611 tube depends on the inlet frequency parameter (St) at the given inlet Reynolds number ( see figure 15 and 16 ). ' 
3-2. DISTRIBUTIONS OF THE MAXIMUM AMPLIFICATION RATIO ALONG THE DIFFlJSER,,AT THE OPTIMUM REYNOLDS AND STROUHAL NUMBERS The centerline velocity distributions and the maximum ampli-fication ratio along the diffuser with and without the 6" tube are plotted in figure 17 for the optimum inlet Reynolds number and Strauhal number conditions. It can be seen that the maximum amplification ratio of the diffuser with the 6" tube is 7,5 at 8" downstream of the diffuser inlet when the inlet Reynolds number is 5 x 103 and the Strauhal number is 8. 7. The maximum amplifi-cation ratio is 5 at 6.5" downstream of the diffuser inlet at the i ' same inlet Reynolds number of 5 x 103 and Strauhal number of 8.7. The maximum amplification ratio of the diffuser without the 6" tube inlet is ? at 8" downstream of the diffuser when the optimum inlet Reynolds number is 3,17 x 103 and the Strauhal number is 8. The maximum amplification ratio is 4. at 6" downstream o-f the diffuser inlet at the same inlet Reynolds pumbe!' of J.17 x 103 and 
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after the breakpoint of the centerline velocity distribution, in a 
region where the boundary layer is turbulent • • 
3-3. TRAVELLING WAVE BEHAVIOR ALONG THE DIF'F'USER CORE 
The existence of a phase shift in the oscillatory diffuser 
core II.ow indicates that there are travelling waves in the core 
flow. By use of figure 9 and figure 14, the wavelengths in the 
. vicinity of the point of the maximum amplification as a function 
of Reynolds number are plotted on figure 13. At the lowest inlet 
Reynolds number ( Re< 103 ) , the maxi~um amplification occurs 
so close to the diffuser exit that the wavelength cannot be 
measured. At the highest inlet Reynolds number ( Re)104 ), the 
maximum amplification ratio occurs so close to the qj.ffuser inlet 
that the wavelength cannot be measured. 
3-4. SUMMARY 
According to the results of the measurements in oscillatory 
flow along the diffuser core, the inf1.Uence of the inlet boundary 
layer displacement thickness on the centerline velocity distribu-
......... 
tions and on the maximum amplification phenomena along the diffuser 
core is quite clear. The maximum amplification ratio can be 
obtained when there is a~~fficiently long laminar boundary layer '! '.-
' -~ 
. ' .~I 
along the diffuser wall,, followed by transition and reattachment 
of a turbulent boundary layer. The maximum amplificatiom ratio 
is found near the reattachment zone of the turbulent boundary layer· 
region. 
The travelling wave behavior'.in the diffuser wall boundary 
layer and detailed measurements of the wall boundary layer near 
' the maximum amplification region will~ ma.de and explained in the 
~-
.......... ~ ......... .... 
. . 
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4. DISTRIBUTIONS OF OSCILLATION IN THE BOUNDARY LAYER 
The maximum amplification ratio for the diffuser with the 6" straight tube is 7.5 at 8" downstream of the diffuser throat with an inlet Reynolds number of 5 x 103 and an inlet frequency of 42 rad/sec. Detailed measurements in the boundary layer at an axial location near the maximum amplification region were made as discussed below. 
4-1. MEASUREMENTS OF INSTANTANEOUS BOUNDARY LA YER VELOCITY PROFILE The maximum amplification ratio was found to occur just down-stre~m of the break point of the centerline time mean velocity in 
I a region where the boundary layer was turbulent ( see 3-1 ). It was difficult to recognize the boundary layer velocity profiles in the turbulent region using oscilloscope traces. Therefore, an advanced averager digital computer·was used to measure the instan-taneous boundary layer velocity profiles near the maximum amplifi-cation region. The method was as follows: The inlet Reynolds 
number was set at 5 x 103-, and the inlet frequ~ncy at 42 rad/sec ·-· for the 10 degrees diffuser with the 6" straight tube inlet. The boundary layer hot wire probe was positioned 8" downstream of the diffuser throat. It was traversed through the.boundary layer from the diffuser core to the wall of the diffuser. For the given input frequency ( 42 rad/sec from photo-trigger equipment ) and velocity signal (Re~ 5 x 103 from hot wire system), the computer could automatically average the values of velocity fluctuation at a given location in the boundary layer. The results of the computer 
. ' output are·· presented in figure 18 A to K. The horizontal axis 
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velocity value is O.? volts, and the average value of velocity flue-·· tuation is 218 millivolts ( 0.218 volts). The deviation of this average velocity fluctuation is !,29 millivolts ( 0,029 volts), and so on. 
From figure 18, the instantaneous hot wire voltage output pro:files were plotted and are shown in figure 19. The horizontal axis is the magnitude of the voltage oscillations (volts). The vertical axis is the distance from the wall of the diffuser (inch). 
l \ 
4-2. REGIONS OF OSCILLATORY FLOW IN THE BOUNDARY 'LAYER 
' 
. · In figure· 18 and figure 19, the solid lines represent an average value at any instantaneous time. It is quite clear that there are different flow regions in the oscill?~+ory boundary ·layer. For distances :from the wall between 0,03" and 0.23" the computer data appear to indicate the presence of an oscillation with a frequency double that of the inlet excitation frequency ( compare figure 18 A with K ). This effect is probably due to a reverse 
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l sensitive to both the reverse flow and the radial flow. ,. The data 
of computer output is also presented in figure 18 ( dot line). 
Compare points 10 and 40 of fig,1res 18 A with J, The phase shift 
between the oscillation in the reverse flow region and the oscilla-
tion :i.n the core flow region should be 1 ao· degree instead of 0 
degree. The hot wire cannot detect the flow direction. The avera.ee 
value of velo.ci ty fluctuation near the wall of the diffuser should 
be negative instead 0 1f positive in figure 18 and figure 19 ( for 
distances from the wall between 0.03" and 0,23" ), · Because the 
hot wire with shielding was used, little forward flow could be 
observed. The high amplitude positive part of the cycle should 
be due to reverse f1.ow, radial flow, or a comojnation the two, 
, From figure 18 F and G, it is evident that it is not reverse fl.ow. 
It is a radial flow region, which will be explained now, 
'' L~---, __ _, In order to measure the flow component in the radial direction 
at distances from the wall between 0.33" and o. 83", a straight hot 
' wire probe was turned parallel to the forward fl.ow direction and 
traversed across the boundary layer at a location 8" downstream of ___ _ 
the dif~user throat, The hot wire probe arrangement used to 
measure the radial flow is sketched in figure 20. The results.of 
the computer output are presented in figure 21. For distances r 
:from the wall between 0.032" and 0,25" there is no radial flow, 
Since the hot wire probe cannot detect forward and reverse flow 
direction in orientation D ( see figure 20 ) , essentially radial 
now is indicated for distances from the wall between o.·37" and 
0. 87., in figure 21. The reason for the radial flow may be explained 
as follows• The continuity equation is 
...L acrvt) + ~ = 0 r a r ax 
0.97 
'\.I . I 
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where Vx is velocity in X-di~ection, Vr is velocity in radial 
direction. Since the velocity change in X-direction is larze in 
this region(~~ is large), the velocity in radial direction is d )( 
important. 
From figure 19, the amplitude amplification of the core flow 
can be explained ~s follows1 The reverse flow near the wall of the boundary layer causes the large oscillation of the core flow to 
satisfy the principle of mass conservation at any time ( reverse flow region near the wall of the boundary layer should be in the \ negative direction instead of positive direction as explained above ) • 
'] ".\ 
~ The core flow velocity component is in the forward direction when 
the bo11ndary layer velocity component is in the reverse direction. And vice versa. The continuity equation should be satisfied at 
any instantaneous time. . From figure 19, the boundary layer velocity profile is changing quickly from time to time. So the boundary layer displacement thickness is also time dependent. Since the core flow 
time mean velocity is decreased at the 8" position, consideration of 
continuity requires that the oscillation amplitude of core fl.ow be 
compatible with the boundary layer oscillation. For example, in 
figure 19, ·when time = 10 milliseconds, boundary layer ,~isplacement 
. thickness is increased; This means the reverse flow is increased 
·--
and the effective area of the diffuser core is decreased. The oscilla-tion of the core flow then should be increased in the forward direc-
tion. When time= 29 milliseconds, boundary layer displacement 
thickness has decreased below its time mean value; This means that 
~ the reverse flow is decreased and the effective area of the diffuser 
core is increased. The oscillation of the core flow should be 
increased in the-··reverse direction to satisfy t~e continuity ,require-
ment. 
,- - 18 -
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The same method was applied to another position in the diffuser 
( 
core, The hot wire pro be was JTtoved to 4. 8" downstream of the 
diffuser throat. This was almost the same location as the break 
point of the centerline velocity ( see figure 7 ). At a distance 
of 0,03" from the diffuser wall the reverse flow was detected from 
the computer output, At a distance of 0, 13" from the diffuser wall 
there was no reverse fl.ow. Thus the reverse flow region is small 
. at the 4. 811 position. The hot wire was moved to axial locations 
further ttpstream. Reverse flow could not be found. Also, the hot 
wire was moved to 10" downstream of the diffuser throat; the reverse 
... flow region was very small. An estimation of the reverse flow 
zone in the diffuser wall boundary layer is presented in figure 22. 
The same method of the oscillatory boundary layer measurement 
was applied to the diffuse~ without the 6" straight tube and other 
inlet Reynolds number ( 6 x 1 o'.3' ) • The same phenomena of the 
oscillatory boundary layer velocity profiles was observed, The 
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4-J. SUMI~RY 
Measurements of the oscillatory boundary layer resulted 
in boundary layer velocity profiles, A reverse f1.ow region near 
the wall of the boundary layer and a radial flow region in the 
middle of the boundary layer have been observed, The phase shift 
between reverse flow and core flow is about 180 degree. The 
reverse flow is the important factor in causi!!g the amplitude 
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The results of meast1rements of9 centerline velocity distri-
bution, the maximum ~mplitude amplification of the core flow, 
and reverse flow zone near the diffuser wall boundary layer have 
been plotted, The positions of the beginning of centerline 
velocity decay, the start of increase of the amplitude of core 
flow, a.nd the beginning of boundary layer reverse flow were 
approximately at the same axial location in the diffuser ( about 
2.5 throat diameters of the di~fuser throat). The location of 
the maximum amplification was almost at the same location of 
maximum reverse flow region in the turbulent boundary layer zone 
( 4 throat diameters downstream of the diffuser throat in figure 
23 ). 
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0 in boundary layer where mean velocity = 3 fps 
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Figure 16. Frequency dependence of maxi~um amplification 
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time ( milliseconds ) 
A. y = 0.03" 
-. 
time mean O. 7 volt , no shielding ( O>-ientcition A] 
---- time mean 0.45 volt, with shielding( Otie.ntcHlon BJ 
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' 10 40 
B. y = 0.08" 
time mean o. 85 volt, no shielding 
-- ... , .. 
---- time mean o. 55 volt, with shieiding 
Figure 18. ·Determination of reverse flow region· 
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---- time mean·· 0. 95 volt, no shielding 
------ time mean O. 65 voltil with shielding 
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:Figure 18. Continued 
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-- time mean I. 3 volt, no shielding 
----- time mean O. 75 volt, with shielding · 
· Figure 18. Continued 
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time mean 1. 9 volt, no shielding . 
----- time mean o. 65 volt, with shielding 
· · Figure 18. · Continued 
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time mean 2. 2 volt, no shielding 
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Figure 18. Continued 
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10 40 
J. y = 1. 7" ( centerline of the diffuser ) 
-- time mean 2. 6 volt, no shielding 
. ,.., . ' 
----- time mean O. 4 volt, with shielding 
10 
K. y = l" diffuser inlet 
time ( milliseconds ) 
...... 
------- time mean 3.5 volt ( centerline ), no shielding 
.. Figure 18. Continued 
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X = 8'' downstream of the diffuser inlet 
o< = 5° with 6" tube 
Re= 5 x 10 3 
St= 8. 7 
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Front view 
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, - D. Hot wire probe parallel to forward fl.ow direction 
Figure 20. Arr~gement of hot wire 
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time ( millisecon$ ) 
. A. y = O. 032" 
-- time mean O. 45 volt, hot wire vertical to 
• forward flow ( Oti~ntat; on C • -f;aui-e. 2 o] 
----- time mean O G) 3 volt, hot wire parallel to 
forward flow( OHe.ritAtion D. fiJute. 20 J 
I 
- ...... .,,,, ,_..--
30 
B. y = O. 094" 
-- time mean O. 45 volt, hot wire vertical to 
forward flow 
----- time mean O. 35 volt, hot wire parallel to 
forward now 
;:Ii 
,---- - ..._ ._,._ 
10 40 
c. y = 0.19" 
--
time mean O. 45 volt, hot wire vertical to 
forward flow 
----- time mean O. 35 volt, hot Wire parallel to. 
forward flow 
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D. y=0.25'' time ( milliseconds ) 
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H. y = O. 87" 
l •. --·--·. ~ 
--time~mean O. 95 volt, hot wire vertical to forward flow 
----- time mean 0.5 volt, hot wire parallel to forward flow 
Figure 21. Continued 
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I. y =.1.12" 
-- time mean I. 05 volt, hot wire vertical to forward flow 
----- time mean· O. 5 volt, hot wire parallel to forward flow 
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J. y = I. 62'' 
-- time mean I. 05 volt, hot wire vertical to forward flow 
----- time mean O. 45 · volt, hot wire ~rall~l to forward flow 
Figure 21. Continued 
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m centerline velocity 
A maximum amplification 
0 reverse flow zone 
~ = 5° with the 6" tube 





, . ·Figure 23. Centerline velocity, ,maximwn amplification, 
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diffuser throat diameter 
diffuser length 
velocity 
centerline velocity at diffuser throat 
coordinate defined in figure 6 
Reynolds number defined in 2.1 








frequency of oscillation in'rad/sec at diffuser throat 
boundary layer thickness 
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